A growing number of studies demonstrate that antagonists of the N-methyl-D-aspartate (NMDA) receptors can induce
Schizophrenia is a chronic and prevalent psychiatric disorder with an estimated lifetime prevalence of 1% in the general population. The symptoms of schizophrenia can be divided into those that are positive (reflecting an excess of normal behavior such as delusions and hallucinations), and those that are negative (reflecting a loss of normal behavior such as social withdrawal and affective flattening). In addition to positive and negative symptoms, schizophrenic patients show cognitive deficits such as a limited ability to use and direct their attention. For example, schizophrenic patients seem less able to detect and process novel stimuli than healthy controls (e.g., reduced ability in the detection of infrequent stimuli in a sequence of frequent stimuli (BaribeauBraun et al. 1983) ). Furthermore, as McGhie and Chapman already noted in 1961, schizophrenic patients are less able to direct their attention to one of several sources of incoming information than are healthy controls (McGhie and Chapman 1961) . In other words, schizophrenic patients exhibit a loss in the selective function of attention. These deficits in attention can be quantified by assessment of event related brain potentials (ERPs) (Friedman 1991; Venables 1991) .
The inability of schizophrenic patients to select relevant from irrelevant information can be assessed by measuring their processing negativity (PN). Processing negativity (sometimes referred to as Nd) is elicited whenever stimuli have to be attended to that differ in some physical feature (spatial position or frequency) from other stimuli. This negativity represents a cerebral comparison or matching process by which the brain selects these relevant stimuli from the irrelevant stimuli (Näätänen 1990) . PN is reduced in schizophrenic patients (Pritchard 1986 ) and correlates negatively with both negative and positive symptomatology .
The inability of schizophrenic patients to detect infrequent stimuli (deviants) in a sequence of frequent stimuli (standards) can be studied by assessing mismatch negativity (MMN). This negativity represents the functioning of an automatic stimulus-deviation detection process. This pre-attentive process compares an incoming stimulus with stimuli stored in the auditory sensory memory. It automatically sends an interrupt to the central processing channel whenever an auditory stimulus is either not represented in the auditory memory system or has a label "significant" (in the case the individual has to react on the stimulus) (Öhman 1979; Näätänen 1979) . In schizophrenic patients, MMN is reduced as compared to healthy controls (Oades et al. 1997; Javitt et al. 1993 Javitt et al. , 1995 Shelley et al. 1991) . Since MMN correlates negatively with negative symptomatology only, it might be useful as a discriminator between negative and positive symptoms in schizophrenia (Catts et al. 1995) .
Another method of measuring the inability to detect infrequent stimuli in a sequence of frequent stimuli is by assessment of the P300. Similar to MMN, the P300 is elicited by infrequent stimuli (deviants) appearing in a sequence of frequent stimuli (standards), with the additional feature that these deviant stimuli are previously designated as being target stimuli, and thus require attention.The P300 is inversely proportional to target probability and is assumed to reflect aspects of further (conscious) processing of the stimulus that is being attended to (Näätänen 1990) . Further evidence for this assumption is presented in the study of Javitt et al. (1995) , who found that the decrement in MMN amplitude was correlated significantly with the decrement in P300 amplitude in schizophrenic subjects.
In a number of studies, schizophrenic patients show a reduction of the P300 as compared to healthy controls (e.g., Boutros et al. 1997; Javitt et al. 1995; Pritchard 1986; Baribeau-Braun et al. 1983 ). Similar to MMN, the P300 correlates negatively with the negative symptomatology of schizophrenia (Pritchard 1986 ). In addition, the P300 shows a positive correlation with the clinical outcome in terms of social functioning of schizophrenic patients (Strik et al. 1996) . There is also some evidence that a reduced P300 is trait-dependent in patients suffering from schizophrenia (Juckel et al. 1996) .
All three ERP-components mentioned above can be measured in a special kind of auditory oddball task, the so called selective attention task (Jonkman et al. 1997; Näätänen 1990; Näätänen et al. 1993; Sams et al. 1985; . In this task, usually two types of auditory stimuli are presented to the left and right ear: a frequently appearing standard stimulus and an occasionally appearing deviant stimulus. Subjects are asked to attend (push a button) to the deviant stimulus in a previously designated ear (or 'channel). In addition to the ERP-components this task provides behavioural measures (% hits, % false alarms and response time).
The mechanisms that mediate these attentional processes are unclear. However, there is some indication for the involvement of N-Methyl-D-Aspartate (NMDA) receptors: both competitive and non-competitive NMDA antagonists reduce MMN in monkeys (Javitt et al. 1996) . Interestingly, several lines of evidence suggest the NMDA system to be involved in schizophrenia. For instance, in post-mortem studies, an abnormally low level of glutamate is found in patients with schizophrenia when compared to healthy controls (Tsai et al. 1995; Toru et al. 1988) . Moreover, van Berckel et al. (1996) found that a partial agonist of the NMDA receptor (d-cycloserine) reduced negative symptoms in medication-free schizophrenic patients. In addition, antagonists of the NMDA receptors, like ketamine, phencyclidine (PCP) or selfotel, induce a broad range of psychological symptoms in nonschizophrenic subjects that resemble some of the symptoms observed in schizophrenia (Ellison 1995; Krystal et al. 1994; Grotta et al. 1995; Malhotra et al. 1996; Domino et al. 1965; Luby et al. 1962) . Finally, ketamine exacerbates the positive symptoms of schizophrenic patients (Lahti et al. 1995) .
The current study was designed to indirectly explore the role of NMDA receptors in human selective attention by administering ketamine, a non-competitive NMDA antagonist, to healthy subjects and measuring their performance in a selective attention task. It was expected that ketamine would induce symptoms in healthy subjects that mimic those found in schizophrenic patients, i.e., an increase in errors during task performance at the behavioural level and a reduction of mismatch negativity, processing negativity and of the P300, at the ERP-level. Since the interstimulus intervals used in this study are relatively large, the processing negativity was not expected to coincide with the N100 amplitude.
MATERIALS AND METHODS

Subjects
Healthy male volunteers were recruited through university newspaper advertisements. Only physically healthy subjects without a personal or family history in first-degree relatives with psychiatric illness were included. The study was approved by the Human Ethics Board of the University Medical Center Utrecht. After written and oral information had been given, written informed consent was obtained from all subjects before enrollment in the study. Subsequently, they were interviewed using the Comprehensive Assessment of Symptoms and History (CASH) (Andreasen et al. 1992 ) and the Schedule for Affective Disorders and Schizophrenia, Life time version (SADS-L) (Endicott and Spitzer 1978) to assess for psychiatric illnesses. They also underwent a full physical examination including an electrocardiogram and routine laboratory tests (complete blood count, urine analysis and a urine toxicology screen for drug use). In addition, volunteers were screened for hearing deficits by using an audiometer at 500, 1000, and 6000 Hz. Volunteers who could not detect tones at 20 dB were excluded.
Twenty-one volunteers passed the screening tests, of whom two did not show an identifiable startle reflex and were therefore excluded. Thus, 19 subjects proceeded to the active phase of the study. One subject had severe nausea during the ketamine session and the procedure was interrupted leaving 18 subjects who completed both test days. Subjects had a mean age of 23.7 years (SD ϭ 2.4; range: 20 to 28 years) a mean length of 183 cm (SD ϭ 7 cm), a mean weight of 75 kg (SD ϭ 8 kg) and a mean body-mass index (Quatelet index) of 21.9 (SD ϭ 2.1).
Experimental Design
In a randomized, double-blind, placebo-controlled cross-over experiment, subjects received ketamine or placebo on two separate occasions, a minimum of one week apart. Psychophysiological (PPI, P50 reduction, selective attention), neuro-endocrine (luteinizing hormone (LH) and cortisol), ketamine and nor-ketamine plasma levels, physiological (blood-pressure and heart rate), biochemical (homovanillic acid (HVA)), and behavioural measures were collected over a 4.5-hour period during each session. In addition, three psychometric tests were assessed: the Brief Psychiatric Rating Scale (BPRS), the Profile of Mood Scale (POMS), and the Visual Analog mood Scale (VAS). The results of the suppression of the P50, inhibition of the startle reflex, and the psychometric tests mentioned above, are reported elsewhere (van Berckel et al. 1998) .
Subjects arrived at the research ward of the Department of Psychiatry, University Hospital Utrecht at 8:30 a.m., having fasted since 11:00 p.m. the preceding day. Two indwelling venous catheters were inserted into the antecubital vein of each arm. Each catheter was kept open with 1 ml heparin (100 Units/ml), infused after each blood sample. At 10:00 a.m., infusion was started through one of the intravenous catheter using an IVAC 711 automatic infusion pump. Ketamine was infused in the following amounts and time-frames: 0.3 mg/kg during the loading phase (first 40 minutes), 0.0495 mg/kg during the next ten minutes, and 0.213 mg/kg for the sustaining phase (last 85 minutes). The purpose of the sustaining phase is to achieve a pseudo-steady state concentration (see also van Berckel et al. 1998 ). In the final 75 minutes of this pseudo-steady state period, the psychophysiological assessments were made. Blood samples were collected 20, 40, 80, 105, 135, 165, 195 , and 240 minutes after start of the infusion. In addition at 10, 20, 30, 40, 50, 80, 105, 135, 165, 195 , and 240 minutes, blood pressure and heart rates were assessed. Furthermore, at 0, 40, 135, and 240 minutes, behavioural measurements were made. Blood samples were collected in ice-cold 10 ml plastic tubes containing EDTA. They were centrifuged (10 minutes at 3000 rev/minute at 4 Њ C) within 25 minutes of sampling and stored on ice until then. Plasma was transferred in plastic tubes and stored at Ϫ 80 Њ C until the time of the assays.
Signal Recording
Electroencephalogram (EEG) recordings were made with an electrocap (tin electrodes) from 31 scalp locations (10-20 system). However, only data from the electrodes relevant for the present study were analysed (i.e., where the maximum activity for the ERPs measured was to be expected): the midline electrodes Fz, Cz, and Pz. The left mastoid was used as a reference. Horizontal electro-occulogram (EOG) recordings were made from tin electrodes placed to the outer canthus of each eye. Similarly, vertical EOG was recorded from electrodes placed infra-orbital and supra-orbital to the left eye. The right eye was used for electro-myography (EMG) measurement of the orbiculus oculi. For all signal recordings, a ground electrode was attached to the middle of the forehead. Impedance was kept below 5 k ⍀ . EEG and EOG signals were recorded with a time constant set to 5 s, and EMG signals with a time constant set to 50 ms. All signals were filtered on-line at 40 Hz and were digitized on line by a computer at a rate of 256 Hz. Sampling started 100 ms before stimulus onset and lasted 1 s.
Procedure
The subjects were brought to a soundproof, electrically shielded experimental cabin, where they were seated in a dentist chair. A vacuum cushion was attached to the top of the chair, for restrain of the subject's head in such a way that he faced the centre of the TV screen and did not move.
During each test session, three tasks were presented: the prepulse inhibition of the startle reflex, the P50, and the auditory selective attention task. The order of the tasks was balanced across subjects.
The selective attention task (see also Jonkman et al. 1997) consisted of 300 stimuli presented in such a way that they randomly were perceived in either the right or the left ear. Two types of stimuli could be distinguished: standard tones, which appeared in 80%x of the cases, and deviant tones, which appeared in the resulting 20% of the cases. The stimuli were evenly presented to the left or right ear (attended deviants were never presented immediately after each other). The subject was instructed to push a button as fast as possible if the deviant tone occurred in a previously designated ear. Ear designation was balanced randomly across the subjects.
After this initial task the subjects were presented the next auditory selective attention task in which they had to monitor the other ear for deviant stimuli. The attribute used to define stimulus type was tone frequency (either 1000 or 1100 Hz): the tone frequency defined as standard or deviant was balanced across subjects. The duration of a stimulus (95 dB) was 50 ms and the interstimulus intervals (ISIs) were randomized between 1750 and 2150 ms. During the task, the subjects had to maintain their gaze at a fixation cross in the middle of the TV screen.
Signal Analysis
Electroencephalogram and EOG data of the selective attention task were analysed using a software package especially designed for EEG and ERP data processing. First, all of the sampled EEG and EOG epochs were baseline corrected and filtered off-line using a 30 Hz, 24 dB/octet digital low-pass filter. Second, the EEG was corrected for vertical EOG artifacts by subtracting vertical EOG from EEG epochs by a regression method in the time domain (Kenemans et al. 1991) . Last, all EEG epochs containing artifacts (saturation of the A/D convertor or an amplitude greater than Ϫ 100 or 100 V) were removed from the database. The following time windows were used for peak scoring: the N100 was scored between 50 and 150 ms, the P300 between 300 and 600 ms, processing negativity between 150 and 350 ms, and mismatch negativity was scored between 200 and 400 ms.
Statistical Analysis
The P300 and N100 ERPs were analysed by means of planned comparisons using ANOVA for dependent measures (within subject design). The leads analysed were Pz in the case of the P300 and Cz in the case of the N100. Since an effect of stimulus type was expected, a planned comparison was done for the P300 wave form elicited by standard and deviant stimuli at electrode Pz. The three within-factors were: condition (ketamine or placebo), attention (stimulus in attended channel or unattended channel), and stimulus type (standard or deviant). Similarly, planned comparisons were made for the difference waves (MMN and PN), using Fz in both cases. Student t-tests were used to analyse the behavioural responses (hits, misses, false-alarms) and the difference waves.
RESULTS
Ketamine and Nor-Ketamine Plasma Levels
Ketamine infusion produced a rapid increase in plasma concentration [F(1,17) ϭ 78.7; p Ͻ .001] (Figure 1 ). At the end of the loading phase, ketamine plasma concentration reached a maximum of 158 ng/ml ( Ϯ 64 ng/ml, SD) declining with approximately 15% to the pseudosteady state concentration of 134 ng/ml ( Ϯ 31 ng/ml, SD), which was reached at 60 minutes after start of the infusion. During this period, plasma concentrations remained within 129 ng/ml ( Ϯ 29 ng/ml, SD) and 138 mg/ml ( Ϯ 21 ng/ml, SD). Plasma concentrations of nor-ketamine, the major metabolite of ketamine, increased gradually with a maximum of 99 ng/ml ( Ϯ 27 ng/ml, SD) at 165 minutes after start of the infusion [F(1,17) ϭ 86.5; p Ͻ .001).
Performance
Three kinds of performance measures were obtained: percentage of hits, percentage of false alarms and mean Figure 1 . Plasma levels of ketamine and norketamine after i.v. administration of 0.3 mg/kg ketamine in a pseudo-steady state model in 18 healthy male subjects during the various stages in the study (see Methods: Biochemical Analysis). reaction time to hits. A response was considered a hit when it was given within a window of 200-1000 ms after stimulus presentation. Group means are presented in Table 1 . No significant differences were found.
ERP Data
Grand average ERPs, PN, and MMN for both the control and ketamine condition are presented in Figures 2  and 3 . Mean amplitudes of the auditory N1, and P3 are presented in Table 2 . Mean amplitudes of the PN to standards and MMN to non-attended stimuli are presented in Table 3 Difference Waves. Mismatch negativity (MMN) and processing negativity (PN) were found in both the placebo and ketamine condition: [F(1,17) ϭ 223.03; p Ͻ .001] and [F(1,17) ϭ 72.62; p Ͻ .001], respectively (expressed as a difference from zero). In the case of PN a significant reduction in amplitude was found in the ketamine condition when compared to the placebo condition (t ϭ 2.52; p Ͻ .05). MMN showed no significant differences between the ketamine and placebo condition.
DISCUSSION
This study reports the effects of a sub-anaesthetic dose of the non-competitive NMDA antagonist, ketamine, on human selective attention. Our aim was to induce attentional anomalies in healthy control subjects by (non-competitively) antagonizing NMDA receptor transmission to mimic the attention abnormalities often observed in schizophrenic patients. Ketamine was, therefore, expected to lead to reduced performance, reduced mismatch and processing negativity, and reduced P300 to deviant stimuli (see Verbaten and van Engeland 1995, for a review) .
In this study no significant difference could be detected on a behavioral level between the placebo and ketamine condition (i.e., reaction times for and percentages of hits and false alarms). Baribeau-Braun et al. (1983) found that schizophrenic patients performed a selective attention task more slowly and less accurately than control subjects. Thus, at the behavioral level, ketamine does not appear to affect human attention as observed to be present in schizophrenia. However, the initial dose of ketamine was relatively low (0.3 mg/kg) and the time period of infusion relatively long (40 minutes) in comparison to other studies, although the dose was sufficient to raise BPRS total score (reported in (van Berckel et al. 1998) ). Newcomer et al. (1999) used loading doses of 0.27, 0.081, and 0.024 mg/kg administered over an infusion period of 10 minutes, followed by lower maintenance doses than in the present study. Similar to this study, they found increases in the BPRS scores in the ketamine condition. In addition, Krystal et al. (1998) found increases in BPRS after administration of a bolus of 0.26 mg/kg ketamine followed by an infusion of 0.65 mg/kg per hour. Lahti et al. (1995) administered doses of 0.1, 0.3, and 0.5 mg/kg of ketamine intravenously over 60 seconds to healthy volunteers after which they were challenged in a visual vigilance task. In this task, the subjects attended to numbers that were presented on a screen and had to push a button whenever a '9' was preceded by a '1'. Only the highest dose of ketamine increased the number of errors made.
Mismatch negativity to the unattended stimuli was found in both the placebo and ketamine condition. Schizophrenic patients show reduced MMN (Javitt et al. 1993 (Javitt et al. , 1995 Shelley et al. 1991) , that cannot be accounted for by neuroleptic medication (Catts et al. 1995) . Therefore, if ketamine was able to induce transient 'schizophrenic-like' effects in healthy controls, MMN would have been attenuated in the ketamine condition. However, this was not found. Moreover, the absence of attenuated MMN in the ketamine condition contrasts with findings from the study of Javitt et al. (1996) in monkeys, in which both competitive and noncompetitive NMDA antagonists blocked MMN. The failure to find this effect may be due to the dose of ketamine used in our study. For instance, one of the findings of Malhotra et al. (1996) was a significant decrement in attention after administration of a bolus of 0.12 mg/kg followed by infusion of 0.65 mg/kg to healthy volunteers. Processing negativity to standard stimuli was found in both the placebo and ketamine condition. However, in the ketamine condition the PN was significantly reduced as compared to the placebo condition, suggesting that ketamine induces attentional abnormalities in healthy subjects at the ERP level. This result is consistent with the findings reported by Ward et al. (1991) .
In the present study, ketamine induced a decrease of the P300 to all stimuli (condition main effect) and to deviant stimuli, in particular. Similarly, in the study of Baribeau-Braun et al. (1983) , schizophrenic patients showed a reduced P300 to all stimulus types as compared to healthy controls. Ward et al. (1991) found a reduced P300 to target stimuli in schizophrenic patients when compared to healthy controls. However, the latter only considered target stimuli and ignored the unattended deviant stimuli, making a comparison with the present study difficult. Consequently, similar to the data of the PN, this result suggests that ketamine induces P300 abnormalities in healthy subjects that are commonly observed in schizophrenic patients.
A significant enhancement of the N100 was found in the ketamine condition, induced by deviant stimuli only (whether attended to or not). In an extensive review article, Näätänen and Picton (1987) describe six different components which might contribute to the N100 wave form. Three of the components described in the review article are related to MMN or PN of which the onset latency was too late to influence the N100 in the present study (see Figure 3) . Two other components are suggested to be related to stimulus intensity and the startle reflex respectively. However, all stimuli used in the present study were of equal intensity (95 dB) and not intense enough to elicit a startle response. This leads to the conclusion that component 2 (which is presumably generated in the superior temporal gyrus and activated by connections from the primary auditory cortex and possibly from the thalamus) might have been influenced by ketamine in the present study. However, it is unclear whether this enhanced N100 reflects symptoms of schizophrenia.
In summary, the results regarding the P300 and PN data support the notion that ketamine induces 'schizophrenia-like' symptoms in healthy volunteers. However, the results concerning the mismatch negativity and the performance data appear at odds with this concept, which, most likey, is the result of the low dose of ketamine used in the present study.
Since N100, P300 potential, mismatch negativity, and processing negativity, all represent basal mechanisms of attention and stimulus processing, anomalies in these measures may give rise to an altered perception (which, in turn, might ultimately lead to the development of psychotic symptoms) and/or cognitive deficits (i.e., impairments of memory and learning abilities), aspects that are core to schizophrenia. Indeed, several studies report ketamine-induced distortions of these processes in healthy volunteers (Krystal et al. 1998; Newcomer et al. 1999; Adler et al. 1998) , and/or an acute (short lived) increase of psychotic symptoms in schizophrenic patients (Lahti et al. 1995; LaPorte et al. 1996; Malhotra et al. 1997 ). In the study of LaPorte et al. (1996) , bolus injections of ketamine (0.5 mg/kg) did not alter memory recall of previously learned verbal or figural memory tasks in schizophrenic patients. The authors concluded that once material is learned, NMDA antagonists do not influence subsequent recall. In the study of Newcomer et al. (1999) , a dose-dependent decrease in learning and memory performance on both a verbal and non-verbal declarative memory task was found. In addition, Adler et al. (1998) found ketamineinduced impairments in working and semantic memory in healthy volunteers. The data of the present study support the results of the studies reviewed above: the processes at the basis of attention and memory (represented by a reduced P300, processing negativity and probably an enhanced N100) appear to be disrupted by ketamine, thus preventing material being learned properly, while not preventing recall of previously learned material. Additional evidence that reduced glutamatergic activity in the brain is involved in recall and memory difficulties in schizophrenia is presented in the study of Malhotra et al. (1997) . They found further decrements in recall and recognition memory in schizophrenic patients and an exacerbation of positive and negative symptoms after administration of ketamine. In the present study, no evidence was found for an effect of ketamine on an even more basal mechanism of attention, the gating of sensory stimuli (measured by the prepulse inhibition of the startle reflex and the suppression of the P50 potential (Van Berckel et al. 1998 ).
In conclusion, ketamine induces some of the attention deficits in healthy controls which are usually found in schizophrenic patients. Consequently, reduced glutamatergic activity in the brain could be involved in, at least, some of the (cognitive) symptoms of schizophrenia. 
